Abstract The evolutionary conserved family of heat shock proteins (HSP) is responsible for protecting cells against different types of stress, including oxidative stress. Although the levels of HSPs can be readily measured in blood serum, the levels of HSP70 in patients with different durations of diabetes have not been studied before. We quantified serum HSP70 levels in a healthy control group (n=36) and two groups of type 2 diabetic patients, defined as newly diagnosed diabetes (n=36) and patients with diabetes duration of more than 5 years (n=37). The clinical characteristics and biochemical parameters were evaluated in the studied population. We found that serum HSP70 levels were significantly higher in patients with diabetes when compared with controls (p<0.001) and it was higher in patients with disease for more than 5 years than in newly diagnosed patients (p<0.001). Serum HSP70 was inversely correlated with fasting blood sugar in patients with diabetes for more than 5 years (r=−0.500, p=0.002), positively correlated with the history of hypertension in newly diagnosed patients (p<0.001), and positively correlated with age in patients with diabetes (r=0.531, p=0.001). Serum level of HSP70 is significantly higher in patients with diabetes and correlates with the duration of disease. Higher HSP70 in prolonged diabetes versus newly diagnosed diabetes may be an indicator of metabolic derangement in the course of diabetes.
Introduction
Heat shock proteins (HSP) are a family of stress-responsive proteins that modulate cell function and contribute to protein homeostasis (Asea 2008) . The major functions of HSP are protection against apoptotic stimuli, assistance in de novo folding of nascent polypeptides, and prevention of protein misfolding and aggregation (Atalay et al. 2009; Mayer and Bukau 2005) . Both excessive and impaired HSP72 expression may disturb cell proliferation and function (Atalay et al. 2009 ). Increased levels of HSP70 in human monocytes are observed in response to in vitro heat stress (Jafarnejad et al. 2008; Vince et al. 2009 ).
The molecular mechanisms underlying hyperglycemiainduced effects on inflammation and vascular complications are thought to involve the action of reactive oxygen species within the cell nucleus (Wright et al. 2006) . The underlying rationale for our study was that diabetes, and the concomitant oxidative stress associated, may induce a heat shock response. It is widely accepted that the levels of HSP70 expression increase under stressful conditions (Ireland et al. 2007; Pandey et al. 2009; Soti et al. 2005 ). In addition, serum HSP70 concentrations are positively correlated with markers of inflammation, such as C-reactive proteins, monocyte count, and TNF-α (Mayer and Bukau 2005; Njemini et al. 2004) . Moreover, reduced radical scavenging activity in type 2 diabetes leads to overt inflammation and impaired HSP70 function (Pandey et al. 2009 ).
To date, only a limited number of studies investigated the serum levels of HSP70 in diabetes (Gruden et al. 2009; Hunter-Lavin et al. 2004; Oglesbee et al. 2005) . However, these studies did not explore the variation of HSP70 levels with disease progression. Here, we determined the levels of HSP70 in two groups of diabetic patients (newly diagnosed patients, and those with disease for more than 5 years).
Methods

Assembly of cohorts
We performed a cross-sectional survey of an established cohort of 73 patients with type 2 diabetes who were attending the diabetes clinic of Vali-Asr hospital, affiliated to Tehran University of Medical Science, as well as 36 healthy controls. The patients were divided into two groups according to the duration of diabetes: patients with known diabetes for more than 5 years; and patients who were diagnosed de novo. Newly diagnosed patients were identified within 6 months and were not on any treatments. To investigate the effect of age, we stratified the patients into older and younger than 50 years old. Diabetes was diagnosed according to the criteria of American Diabetes Association ("Diagnosis and classification of diabetes mellitus" 2009). Participants of the control group and the diabetic patients of the other two groups were matched for age, sex, and body mass index (BMI). Exclusion criteria were smoking, pregnancy, proteinuria, renal involvement (creatinine >1.5 mg/dl or GFR <70 cc/min), glomerulonephritis, congestive heart failure, and hospital admission in recent months. None of the participants had overt diabetic complication. Demographic and anthropometric data including age, sex duration of diabetes, height, weight in light clothing, and blood pressure in sitting position were recorded. Blood pressure was re measured twice after 5 min and averaged. The BMI (kg/m 2 ) was calculated according to Quetelet formula.
The research was carried out according to the principles of declaration of Helsinki. The local ethics review committee of Tehran University of Medical Science approved the study protocol. All participants gave written informed consent before participation.
Blood samples
Blood samples were collected after 12 h of fasting, centrifuged, and were kept at −70°C until analysis. Serum creatinine, fasting blood sugar (FBS), total cholesterol, triglycerides, high-density lipoprotein-cholesterol (HDL-C), low-density lipoprotein-cholesterol (LDL-C), and HbA1c was measured for all participants. Glucose measurements (intra-assay coefficient of variants [CV] 2.1%, inter-assay CV 2.6%) were carried out using the glucose oxidase method. Cholesterol, HDL-C, LDL-C, and triglycerides were determined using direct enzymatic methods (Parsazmun, Karaj, Iran).
Serum HSP70 analysis
Soluble HSP70 levels were measured using a quantitative sandwich ELISA immunoassay (EKS-700B, Stressgen, USA). The intra-and inter-assay coefficient of variation ranged between 4.5% and 7%. A heat-shocked HeLa cell lysate (Stressgen, USA) was included as positive control. Blood serums were extracted using centrifugation. One milliliter of the special buffer was prepared for each milliliter of serum samples using cold deionized or distilled water. Protease inhibitors were added to the extraction reagents. Serum samples were incubated for 30 min on ice. Serum samples were diluted 1:2 with a special solution available in the kit and transferred to nitrocellulose membrane. The membranes were probed with an antibody against HSP70 (Stressgen, USA).The procedure was followed according to the instructions provided in the kit's brochure.
We should clarify that the manufacturer has not recommended this kit for plasma analysis. In order to check the validity of EKS-700B kit for our plasma samples, we performed serial dilutions of our positive controls and demonstrated that HSP70 detection is within in the linear range for the amounts presented in our samples (range, 0.1-3 ng/ml). Also, the detection limit was ≤0.03 ng/ml, which was lower than the levels present in our samples.
Statistical analysis
The statistical package SPSS 16 for windows (Chicago, IL, USA), was used for analysis.
Kolmogorov-Smirnov test was employed to test the normality of the variables in each group. Variables distributed normally are presented as mean±standard error of mean (SEM). Variables with skewed distribution are presented as median [interquintile range]. For comparison of serum HSP70 levels among the groups, non-parametric tests including Kruskal-Wallis test and Mann-Whitney U test were employed, as appropriate. The Pearson's correlation test was employed to test the association of HSP70 with FBS, HbA1C, triglycerides, cholesterol, HDL-C, and LDL-C within each group. For this analysis, serum HSP70 was transformed into logarithmic scale to change its distribution to normal. Kendall's tau-b test was employed to investigate the correlation between HSP70 and history of hypertension.
Results
The characteristics of the participants are presented in Table 1 . There were no significant differences between groups with respect to age, sex, BMI, systolic and diastolic blood pressure, creatinine, cholesterol, and HDL-C. Serum triglycerides and FBS were significantly higher in diabetic patients than healthy controls (p<0.001). HbA1C was not significantly different between newly diagnosed patients and those with diabetes duration of more than 5 years. History of hypertension was significantly higher in patients with diabetes duration >5 years than newly diagnosed patients (p=0.049). Serum HSP70 levels in patients with diabetes was higher than in controls (0.70 [0.59-0.81 Fig. 1 ). Logarithmic transformed concentrations of serum HSP70 was inversely correlated (r=−0.500, p<0.01) with FBS in patients with known disease (Fig. 2) . This association remained significant (r=−0.530, p<0.001) after adjustment for age, sex, and BMI. We did not find any association between serum HSP70 levels and HbA1c in patients with diabetes. There was a significant positive correlation between logarithmic-transformed serum HSP70 levels and age (r=0.20, p<0.001), BMI (r=0.25, p<0.001), or systolic blood pressure (r=0.24, p<0.05) in all studied population. Also, there was a significant positive correlation between serum HSP70 levels and history of hypertension in newly diagnosed patients (r= 0.286, p<0.01).
Discussion
Our data showed that circulating levels of HSP70 are increased in patients with diabetes and are associated with the duration of the disease. Our results support the hypothesis that HSP70 may play an important role in determining the biological characteristics of long-standing diabetes. In addition, serum HSP70 levels correlated inversely with FBS, and correlated positively with age in patients with longer disease duration. Clinical studies on the levels of HSP70 in diabetes are limited. There were two reports of serum HSP70 level in type 1 diabetic patients (Gruden et al. 2009; Oglesbee et al. 2005) . In a case-control study conducted in type 1 diabetics, increased level of HSP72 was observed in diabetic ketoacidosis which was significantly decreased after treatment (Oglesbee et al. 2005) . However, another case-control study reported immeasurable serum HSP70 level in type 1 diabetic patients with and without microvascular complications (Gruden et al. 2009 ).
Our results are clearly supported by other studies in type 2 diabetes. In a previous study, serum HSP70 levels were found to be higher in non-insulin treated type 2 diabetes subjects in comparison with insulin treated ones (HunterLavin et al. 2004) . A cross-sectional study showed increased level of HSP70 in mononuclear cells of type 2 diabetic patients versus normal subjects (Yabunaka et al. 1995) . Similarly, a case-control study which measured oxidative stress markers in patients suffering from type 2 diabetes-induced nephropathy and healthy controls, revealed higher HSP70 concentration in lymphocytes of uremic diabetic patients than in non-uremic ones (Calabrese et al. 2007) .
Oxidative stress contributes to chronic complications of diabetes (Wei et al. 2009 ). In addition, the increased levels of HSP70 with duration of diabetes further support a role for continued stress in the course of the disease. However, some studies indicate that despite stress induction of HSPs, there is no daily fluctuation in HSP70 levels in the serum. Thus, day time stress, such as increased temperature, does not play a significant role in HSP70 induction (Fortes and Whitham 2009) .
In diabetes, the levels of HSPs are higher in some tissues and lower in other tissues. Defects in heat shock response are observed in diabetic wounds (Atalay et al. 2009 ). There is a delayed induction of HSP72 in diabetes. However, chronic open wounds in diabetic mice resulted in a more potent HSP70 induction than in a normally healing wound (Atalay et al. 2009 ). Ubiquitination of insulin-like growth factor-1 receptor is suppressed by HSP10 and HSP60, which results in insulin-like growth factor-1 receptor signaling in cardiac muscle (Shan et al. 2003) . Both chaperones play important roles in cardiac protection. HSP60 expression is impaired in the heart of diabetic animals (Shan et al. 2003; Oksala et al. 2006) , and this may contribute to diabetic cardiomyopathy. Hyperthermiainduced HSP72 expression is impaired in streptozotocininduced diabetic heart which is associated with insulin deficiency in these tissues (Shinohara et al. 2006) . Lower levels of HSP expression in insulin sensitive tissues, such as muscle and heart, have been reported (Atalay et al. 2004; Hooper 2007 ). Atalay and coworkers recently reported impaired rise in HSP70 protein in exercising diabetic animals, when there was an increased mRNA expression in these subjects (Lappalainen et al. 2008) . However, increased levels of HSP70 and HSP60 have been reported in the kidney (Atalay et al. 2009; Oksala et al. 2007 ) and liver (Oksala et al. 2006 ) of diabetic animals, respectively.
Our findings are supported by observations suggesting that serum HSP70 may originate in the vascular endothelium, a tissue which is not particularly sensitive to insulin Fig. 2 Scatter plot demonstrating a significant correlation (r=−0.50, p=0.002) between the log-transformed serum HSP70 levels (ng/ml) and fasting blood sugar (FBS) in patients with diabetes duration of more than 5 years activity (Asea 2008; Csermely 2008) . Moreover, the splanchnic bed of the mesentery is the origin of the rise in HSP70 with exercise (Febbraio et al. 2002) . Therefore, our findings are consistent with the notion that inflammation from advanced diabetic state increases HSP70 in noninsulin-sensitive diabetic tissues like endothelium. Diabetes is also associated with impaired nitric oxide (NO) release from endothelial cells (Bhatia et al. 2003) . Reduced NO release from endothelial cells have an oxidizing effect which increase HSP70 expression (Hooper and Hooper 2004) . Nevertheless, most studies on effects of diabetes on serum HSP70 level are confounded by in vitro studies and it is still unclear what the precise in vivo mechanisms are. Future studies may elucidate the origin of serum HSP70 in diabetic patients. In type 2 diabetic monkeys serum HSP70 levels are decreased in comparison with control animals (Kavanagh et al. 2009 ). The diabetic monkeys were both older and heavier in this study. It is shown that aging leads to a diminished heat shock response, thereby resulting in deterioration of stress adaptation (Njemini et al. 2004; Soti et al. 2005) . Age-dependent waning of HSP response have been shown by many studies Mayer and Bukau 2005; Njemini et al. 2004; Njemini et al. 2003; Yabunaka et al. 1995) . However, we found a significant positive correlation between HSP70 level and age (r=0.20, p<0.001) in all studied population Our data also demonstrate a significant negative correlation between FBS and HSP70 in patients with known disease, which is consistent with previous studies (Oglesbee et al. 2005; Patti et al. 2003) . A negative correlation between FBS and serum HSP70 level was also reported in diabetic monkeys (Kavanagh et al. 2009 ). This reduction may be due to decreased release of HSP70 from hepatosplanic circulation (Patti et al. 2003) . One hypothesis is that insulin resistance may contribute to decreased level of HSP70 (Hooper 2007; Hooper and Hooper 2009) . Insulin potentiates HSP70 expression in heart (Li et al. 2006 ) and this may explain the negative correlation between HSP70 and FBS in patients with known disease. In addition, we did not find any association between serum HSP70 level and HbA1c in patients with diabetes. This shows the acute response of serum HSP70 levels to hyperglycemia, independent of HbA1c as the indicator of average long-term serum sugar level.
Genetic studies identified HSP70 mutations in patients with diabetes. In a case-control study conducted in a Tunisian population, mutated HSP70 gene was associated with an increased risk of diabetes and obesity (Bouassida et al. 2004 ). This may be another explanation for the increased levels of HSP70 in prolonged diabetes. We propose that mutated malfunctioning HSP70 proteins will result into a vicious cycle of stress reduction and accelerated HSP70 expression.
We also observed a positive correlation between serum HSP70 levels and systolic blood pressure in all studied groups and the history of hypertension in newly diagnosed patients. HSP70 response in essential hypertension and atherosclerosis have been previously investigated (Njemini et al. 2003; Pockley et al. 2009; Zhang et al. 2008 ). Higher circulating levels of HSP70 predict the future development of cardiovascular disease in established hypertension (Pockley et al. 2003) . Increased HSP70 concentration was reported in transient pregnancy hypertension (Molvarec et al. 2006) . Also, there is a strong genetic interaction between HSP70 family polymorphisms and the risk of essential hypertension ).
The principal limitation of the present study is its crosssectional nature which preclude the determination of the direction of causality. Besides as previously stated, ESK-700B Stressgen is not recommended for serum HSP70 analysis by the manufacturer. In order to use this kit we checked the linearity of HSP70 detection within our sample range (0.1-3 ng/ml). Since this kit could linearly detect the differences between higher and lower values of HSP70 in our sample range, we assumed it to be appropriate for signifying the differences between our participants. There might be some disturbances in HSP70 detection for ranges other than our evaluated range and we confirm that this kit is not generally suitable for detection of serum HSP70. In the present study, we took advantage of a relatively large sample size and the close similarity between the groups in most of the potentially confounding clinical and laboratory variables.
In conclusion, we have shown that HSP70 is increased in the circulation of diabetic patients and correlates positively with the chronicity of disease. This may add to the understanding of the biological characteristics of HSPs in diabetes. Our data also suggest that HSP70 may have the potential to be used as a biomarker in diabetes.
